The maintenance of immune tolerance to self is an essen tial mechanism to prevent untoward immune responses and autoimmunity. The breakdown of tolerance is often a complex process that is challenging to dissect. Despite this challenge, there have been major advances in our understanding of autoimmunity through the study of monogenic forms of disease 1 . This approach has identi fied several key regulators of immune tolerance with direct relevance to human disease, including forkhead box P3 (FOXP3) [2] [3] [4] , cytotoxic T lymphocyte antigen 4 (CTLA4) 5, 6 and autoimmune regulator (AIRE) 7, 8 . AIRE is best known as a crucial transcriptional regulator within the thymus. In medullary thymic epithelial cells (mTECs), AIRE enforces selftolerance by promoting the expression of thousands of tissuespecific antigens (TSAs), which include wellknown autoantigens such as insulin 9 , interphotoreceptor retinoidbinding pro tein (IRBP; also known as RBP3) 10 and myelin protein zero 11 . Autoreactive T cells that recognize these TSAs with high affinity undergo negative selection during T cell development in the thymus, and this process pre vents the release of autoreactive T cells into the periph ery 9, 12 . AIRE was identified more than 15 years ago, and we continue to learn more about how this key tolerance regulator operates and how it affects the immune sys tem. In this Review, we highlight some of the recent advances that have expanded our understanding of the biology of AIRE, including the genetics of AIRE muta tions in humans, the molecular mechanisms of AIRE function, the effect of AIRE on the T cell repertoire and the potential functions of AIRE beyond promoting TSA expression.
Autosomal dominant mutations in AIRE Mutations in AIRE were originally linked to the auto somal recessive disease autoimmune polyglandular syndrome type 1 (APS1; also known as APECED) 7, 8 . Although patients with APS1 harbour AIRE mutations on both alleles, it is now appreciated that individuals who harbour single AIRE point mutations on only one allele have increased susceptibility to autoimmune diseases [13] [14] [15] . These patients often present with symptoms later in life and only with a portion of the features of APS1.
AIRE has four major subdomains: CARD (caspase recruitment domain), SAND (SP100, AIRE1, NucP41/ P75 and DEAF1) domain, PHD1 (plant homeo domain 1) and PHD2 (FIG. 1a) . Of note, the CARD is involved in the homomultimerization of AIRE 16 , and thus one can envision a model in which a single point mutation in another domain of AIRE can 'poison' the activity of the multimerized AIRE complex (FIG. 1b) . PHD1 functions as a histone code reader 17, 18 , whereas the SAND domain seems to be involved in promoting a pro tein-protein interaction with a transcriptional repressive complex 19 (see below). So far, the identified autosomal dominant mutations have been found to cluster in the SAND domain and PHD1 of AIRE, whereas recessive mutations are found throughout the protein (FIG. 1a) .
The recent identification of autosomal dominant mutations in AIRE raises some interesting questions. First, how widespread are these mutations in the gen eral population? A recent study provides evidence that monoallelic mutations in AIRE may be more frequent than previously thought: nearly 1 out of 1,000 indi viduals could harbour a potential point mutation in 
PHD1 (REF. 15).
More research is needed to determine the contributions of such AIRE variants to auto immune susceptibility, especially in kindreds with a strong family history of autoimmunity. Second, how do these muta tions operate at the molecular level to interfere with AIRE activity? Work by our group demonstrated that a dominant mutation of Gly228 to Trp228 in the SAND domain interferes with the localization of AIRE to sites of TSA transcription and quantitatively reduces AIRE dependent thymic TSA expression in vivo 14 . This effect has not yet been observed for PHD1 mutations in vivo, and it will be interesting to see whether PHD1 mutations result in global interference of AIRE activity or whether there is some predilection for a subset of AIRE target genes. In summary, recent data indicate that alterations in AIRE function contribute not only to the rare mono genic syndrome APS1 but also to more common forms of autoimmune disease.
New molecular insights into AIRE AIRE promotes the transcription of a wide array of genes that would otherwise be silent. Recently, there has been substantial progress in our understanding of the molec ular mechanisms underlying AIRE expression as well as the complex features of AIREmediated TSA expression.
Regulation of Aire expression. Aire is ubiquitously transcribed during the earliest stages of embryo genesis, even before the three germ layers have been established 20 . During embryogenesis, Aire transcrip tion becomes highly restricted to particular cell types, including mTECs, extrathymic AIREexpressing cells 21 and thymic B cells 22 . This expression is rapidly upregu lated in mature mTECs and then downregulated in post AIRE expressing mTECs 23 . Thus, the transcription of Aire seems to undergo strict spatiotemporal regulation. Recently, enhancer elements have been defined that regu late Aire expression in the thymus 24, 25 . Conserved non coding sequences upstream of Aire are required for its expression, and these elements are activated by nuclear factor κB (NFκB) complexes containing p65 (encoded by Rela) or RELB. Notably, deletion of these elements is sufficient to recapitulate the spontaneous autoimmunity phenotype of AIREdeficient mice.
In addition to transcriptional regulation, post transcriptional mechanisms dictate AIRE expression in mTECs. The bifunctional arginine demethylase and lysylhydroxylase JMJD6 seems to regulate AIRE expression at the protein level 26 . Loss of JMJD6 expres sion results in intron 2 retention and a subsequent decrease in AIRE protein expression. This loss of AIRE Figure 1 | AIRE mutations associated with autoimmune disease. a | The wild-type autoimmune regulator (AIRE) protein with its domains (top): CARD (caspase recruitment domain), SAND (SP100, AIRE1, NucP41/P75 and DEAF1) domain, PHD1 (plant homeodomain 1) and PHD2. Dominant AIRE mutations (denoted by red X) and 6 representative recessive AIRE mutations (green triangles) from more than 100 described recessive mutations are shown. Dominant mutations cluster in PHD1, whereas recessive mutations are found throughout the AIRE protein, including in the CARD. b | Mutant AIRE proteins are associated with either classic or non-classic autoimmune polyglandular syndrome type 1 (APS1). Classic APS1 is caused by homozygous AIRE mutation of R257 to another amino acid (X) (upper left panel). These mutant AIRE proteins can multimerize but lack crucial AIRE domains, such as PHD1 and PHD2. In addition, compound heterozygotes of a CARD mutant (R15L), which prevents multimerization, and an AIRE truncation mutant (C322Δ13) can lead to classic APS1 (lower left panel). Non-classic APS1 occurs when one allele of AIRE is mutated: for example, a C311Y or G228W mutation (lower right panel).
Co-immunoprecipitation
A protein purification experiment used to identify proteins that are in complex with each other.
Yeast two-hybrid screening
A screening system for protein-protein interactions that results in the transcription of a reporter gene when a bait protein attached to a DNA-binding domain comes into contact with a prey protein bound to a transcriptional activator.
RNA interference (RNAi) . A phenomenon in which the expression of a gene is inhibited when a double-stranded complementary RNA is introduced into the organism.
protein is functionally deleterious, as transplantation of JMJD6deficient thymic stroma into athymic nude mice results in multiorgan autoimmunity. Thus, regulation of AIRE expression has now been delineated at many levels. It now seems that expression of AIREdependent TSAs is also regulated at many levels, and this regulation is more complex than has previously been appreciated.
Properties of AIRE-dependent TSA expression. The regulation of TSA expression differs in mTECs and peripheral organ tissues, as loss of the key transcrip tion factors that abrogate gene expression in peripheral organs has no effect on TSA expression in mTECs. For example, in the thymus, the expression of insulin is AIRE dependent, whereas in the pancreas insulin expression is driven by pancreas/duodenum homeobox protein 1 (PDX1). Although PDX1 is expressed in mTECs in an AIREdependent manner, the transcription of insulin occurred in the thymus of Pdx1 -/-mice, which indicates that TSA expression in mTECs is regulated separately from TSA expression in peripheral organs 27 . Although AIRE is a key regulator of TSA expression in mTECs and affects the transcription of thousands of TSA genes 28 , most of which are subject to strict spatio temporal regulation in peripheral tissues, TSAs in mTECs can also be expressed in an AIREindependent manner
. Progress in determining the exact mechanisms by which AIRE promotes TSA expres sion in mTECs has been technically challen ging since it was identified more than 15 years ago. Currently, no robust transfection model or cell line assay can accu rately recapit ulate the activity of AIRE in mTECs. Furthermore, the number of mTECs available from a thymus is relatively small -100,000-200,000 mTECs are present in a single mouse thymus 29 . These technical challenges have been major impediments to unravelling the mechanism of action of AIRE. However, recently, much has been learned about the properties of TSA expression in the thymus through sophisticated tran scriptional analyses of cellsorted mTECs, including singlecell RNAsequencing analyses 28, 30, 31 . AIREregulated TSA expression in mTECs has been described as being simultaneously 'stochastic' and 'ordered' (REF. 31) (FIG. 2) , which are terms that might seem mutually incompatible at first glance. The term 'stochastic' refers to the finding that a small percentage (1-3%) of the total number of mTECs expresses a par ticular TSA 32 . AIRE promotes the expression of diverse sets of TSAs within individual mTECs 32, 33 . For example, the expression of casein genes and additional milk pro teins is highly correlated within individual mammary gland epithelial cells, but coexpression of these genes is rare in individual mTECs 32 . Hence, whether a particu lar AIREregulated TSA is expressed in a given mTEC seems to be highly probabilistic. Furthermore, TSA expression is stochastic in that coexpression varies between individuals 31 , which is a finding that will require further studies to understand in more detail.
The term 'ordered' refers to the increased likeli hood that a particular set of TSA genes will frequently be coexpressed in an individual mTEC. Thus, AIRE regulated TSA expression is not completely random but may adhere to overarching principles, so that the entire diversity of TSAs is displayed within the thymus 34 . Although the principle (or principles) guiding TSA coexpression are not entirely clear, important clues into these rules have recently been revealed. First, analysis of human mTECs expressing a particular surface TSA suggests a preference for the upregulation of additional TSAs in particular chromosomal and 3D nuclear posi tions 34 . Second, epigenomic profiling of mTECs has demonstrated coordinated increases in chroma tin acces sibility at promoters of coexpressed TSA genes 30 . These synchronized changes in local chroma tin configuration may enable neighbouring genes to be coexpressed 30 . Third, singlecell analysis of mTECs suggests that AIRE also coordinates the expression of interchromosomal networks of TSAs, so that 'microclusters' of genes on different chromosomes are synchronously expressed in a small number of mTECs 31 (FIG. 2) . Last, these co expressed genes frequently do not show other common alities, such as being part of a simi lar transcriptional programme or being expressed in the same peripheral tissue 31 . Together, these potentially disparate clues have shed light on how a diverse pool of mTECs expressing different TSAs at an individual cellular level can con stantly display a broad array of self at the population level to the thymic T cell repertoire.
The unique properties of AIREdependent TSA expression have generated great interest in the molec ular basis of the function of AIRE in mTECs, and it is now clear that AIRE interacts with numerous proteins to exert its effect on a broad array of target genes 19, [35] [36] [37] . Using various approaches, including coimmunoprecipitation, yeast two-hybrid screening and RNA interference (RNAi), dozens of proteins that interact with AIRE have now been identified. Initially, these proteins could be broadly classified into four func tional groups involved in nuclear transport, chromatin binding and/or structure, transcription and precursor mRNA (premRNA) processing 35 . Recent reports have confirmed these earlier findings and identi fied addi tional partners and/or functions (FIG. 3a) . For instance, proteins have been identi fied that interact with AIRE to recognize and target TSA genes [17] [18] [19] [38] [39] [40] , to release stalled RNA polymerase to enable RNA elong ation 37, [41] [42] [43] and to
Box 1 | AIRE-independent expression of TSAs
Although many tissue-specific antigens (TSAs) in medullary thymic epithelial cells (mTECs) are autoimmune regulator (AIRE) dependent, several TSAs are expressed in an AIRE-independent manner 9 . The existence of these AIRE-independent TSAs suggested that other non-AIRE factors also control TSA expression in mTECs. Recently, a breakthrough study identified FEZ family zinc finger protein 2 (FEZF2) as a transcription factor that controls AIRE-independent TSA expression 89 . In the thymus, FEZF2 is expressed mainly by mTECs, and FEZF2 deficiency in TECs resulted in organ-specific autoimmunity. Of note, the organs affected in FEZF2-deficient mice differed from those that are affected in AIRE-deficient mice. Furthermore, FEZF2 deficiency, when compared with AIRE deficiency, resulted in decreased expression of a distinct group of TSAs. Thus, FEZF2 and AIRE seem to have complementary and parallel functions in mediating central tolerance. Whether additional TSA transcriptional regulators beyond AIRE and FEZF2 exist remains to be determined. Nature Reviews | Immunology 
Silenced chromatin states
Regions of chromatin that are in a repressed or silenced state, such that genes in these regions are not expressed.
regulate AIRE itself [44] [45] [46] [47] [48] . In addition, efforts have been made to map the regions of AIRE that bind to its inter acting partners 19, 48, 49 (FIG. 3b) . These recent developments in understanding how AIRE functions at the molecular level are described in detail below.
Recruitment of AIRE to TSA genes. A key to under standing how AIRE regulates TSA expression is the molecular mechanism (or mechanisms) used by AIRE to target loci encoding TSAs. AIRE seems to be atypical among transcription factors, as it has no clear DNA binding motif but instead recognizes genes that possess silenced chromatin states [17] [18] [19] 28 (FIG. 3a) . Unmethylated his tone H3 lysine 4 (H3K4) is a repressive epigenetic mark that is selectively recognized by PHD1 of AIRE 17, 18, 38, 39 ( FIG. 3b) . However, the binding of AIRE to H3K4 is not sufficient for AIRE to drive TSA expression, as global demethy lation of H3K4 by overexpression of an H3K4 demethy lase does not alter TSA expression 39 . Thus, addi tional mechanisms that are independent of unmethy lated H3K4 are probably important in AIREdriven TSA expression.
In line with this, AIRE associates with additional marks of a repressive chromatin state. AIRE interacts with ATF7IP-MBD1 (activating transcription factor 7 interacting protein-methylCpGbinding domain pro tein 1) complexes, which are normally associated with gene repression 19 (FIG. 3a) . ATF7IP-MBD1 associates with the histone methyltransferase ESET (also known as SETDB1) to recruit it to methylated CpG dinucleo tides, which are enriched in the promoters of inactive genes. In addition, ATF7IP is an essential cofactor in the generation of the repressive trimethylated H3K9 (H3K9me3) epigenetic mark 50 . AIREmediated expression of TSAs requires ATF7IP and MBD1 pro teins, as short hairpin RNAmediated knockdown of these two proteins in vitro prevented AIREdependent TSA expression 19 . Furthermore, knockout of Mbd1 in mice prevented AIREdependent TSA expression in mTECs and predisposed mice to autoimmunity. The development of autoimmunity could be mapped to MBD1 deficiency in the thymus, as transplantation of MBD1deficient thymus into athymic nude mice was sufficient to cause autoimmune disease development 19 . In contrast to these findings, a recent study examined the methylation status of a subset of the genome in cell sorted MHC class II hi mTECs from wildtype and Aire knockout mice 31 . In this study, the authors found little evidence for changes in methylation status at AIRE tar get genes. However, it is important to note that this ana lysis did not include a large proportion of the genome or preAIREexpressing mTECs. Taken together, fur ther study is needed to determine the contribution of methy lation cues to the AIREdependent mechanism of TSA expression.
DNAdependent protein kinase (DNAPK) is a nuclear kinase with many functions, including the repair of DNA doublestrand breaks and DNA rep lication, and it could also have a role in recruiting AIRE to TSA genes 40 (FIG. 3a) . DNA doublestrand breaks are marked by the variant histone H2AX that is phosphorylated at Ser139 (γH2AX), and DNAPK recruits AIRE to these γH2AX marks 40 . As transient DNA doublestrand breaks have been associated 51 , DNAPK may direct AIRE to TSA genes that are poised for transcription 52 . mTECs derived from reconstituted severe combined immuno deficiency (SCID) mice that carry a mutation in DNAPK have reduced expression of several AIRE dependent TSAs, suggesting that efficient expression of AIREdependent TSAs in mTECs requires DNAPK 35 . Of note, additional roles for DNAPK in the function of AIRE -including relaxation of surrounding chroma tin 35 and phosphorylation of AIRE 47 (see below) -have been proposed. Which of these functions of DNAPK are most relevant to the function of AIRE remains to be determined. In any case, the prevailing evidence points to AIRE as an unusual transcriptional regulator that rec ognizes a combination of chromatin signals to target TSA genes in mTECs.
AIRE releases stalled RNA polymerase. AIRE does not act primarily by initiating TSA gene transcription; instead, AIRE promotes TSA expression through the release of stalled RNA polymerase to elongate RNA transcripts. Microarray analysis using mRNA spanning probes showed no differences in transcription initi ation in mTECs of wildtype and AIREdeficient mice 43 . Instead, RNA lengths were reduced after the first 50-100 base pairs were synthesized in AIREdeficient mTECs, suggesting that AIRE has a role in promoting RNA elong ation soon after synthesis of the first 50-100 base pairs. Furthermore, the function of proteins that interact with AIRE suggests that AIRE promotes TSA expression through RNA elongation. AIRE interacts with positive transcription elongation factor b (PTEFb), a protein that controls the release of stalled RNA polymerase 41, 42 (FIG. 3a) . This interaction occurs through the carboxyl terminus of AIRE, and a patient mutation that encodes AIRE with a truncated Cterminus, which disrupts this interaction, can result in multiorgan autoimmunity 42 (FIG. 3b) . The interaction of AIRE with PTEFb was independently confirmed using an RNAi screening approach to identify functional partners of AIRE 37 . Interestingly, this RNAi screen identified 51 candidates involved in the transacti vating function of AIRE. Although many of these candi dates had known roles in RNA elongation, none of them had known roles in transcription initi ation 37 . Thus, AIRE primarily effects RNA elongation rather than initiation of transcription.
The identification of heterogeneous nuclear ribo nucleoprotein L (HNRNPL) as an AIREbinding partner lends support to the role of AIRE in releasing stalled RNA polymerase 37 (FIG. 3a) . HNRNPL defi ciency in mTECs decreased the expression of tran scripts that are controlled by the PTEFb components cyclin T2 and cyclindependent kinase 9 (CDK9), sug gesting that HNRNPL has a role in RNA elongation 37 . Furthermore, HNRNPL coimmunoprecipitates with AIRE and the PTEFb components CDK9 and HEXIM1. In addition, bromodomaincontaining 4 (BRD4), which is a bromodomain and extraterminal domain (BET) family member, can directly bind to AIRE and also form a complex with PTEFb to modulate its function 53 . Finally, 7SK small nuclear RNA (snRNA), a non coding RNA that regulates PTEFb activity, co precipitated with AIRE, and HNRNPL deficiency decreased this inter action, suggesting that HNRNPL may facilitate the inter action of AIRE with the PTEFb regulator 7SK snRNA 43 . Thus, AIRE seems to interact with sev eral PTEFb complex members that are important for productive RNA elongation.
In addition to promoting RNA elongation, AIRE may regulate premRNA splicing through PTEFb and other factors 35, 37, 42 . AIRE increases the premRNA spli cing of a heterologous minigene and the AIREregulated keratin 14, type I (KRT14) gene, and this increase is PTEFb dependent, as inhibition of the kinase subunit of PTEFb blocked AIREinduced premRNA splicing 42 . AIRE associates with various interacting partners that have known roles in premRNA splicing (for example, elongation factor TU GTPbinding domaincontaining protein 2 (EFTUD2), small nuclear ribonucleoprotein associated proteins B and B' (SNRPB) and serine/ arginine rich splicing factor 1 (SRSF1)), which provides further support for a role of AIRE in premRNA spli cing 14, 35 . Hence, rather than initiating transcription, AIRE primarily functions to promote RNA elongation and splicing of target TSAs.
Interaction of AIRE with its functional regulators.
AIRE interacts with several proteins that exert control over the function of AIRE through posttranslational modifications [44] [45] [46] [47] [48] . For example, AIRE associates with deacetylase and acetyltransferase proteins that act directly on AIRE [44] [45] [46] , such as the protein deacetylase sirtuin 1 (SIRT1), which is highly expressed in mTECs 46 ( FIG. 3a) . SIRT1 deacetylates lysine residues in AIRE, which leads to activation of AIREmediated transcrip tion. Moreover, epithelial cellspecific ablation of SIRT1 disrupted AIREdependent TSA expression without affecting AIRE expression, which suggests a role for SIRT1 in AIREregulated TSA expression 46 . At the same time, AIRE also interacts with CREBbinding protein (CBP) and p300, both of which have acetyltransferase activity. CBP and p300 add acetyl groups to AIRE, which leads to downregulation of AIRE transcriptional activ ity and alters the profile of AIREregulated TSA expres sion 45 . Thus, the function of AIRE seems to be regulated by proteins that acetylate and deacetylate AIRE.
In addition to factors that modulate acetylation, proteins that mediate phosphorylation are associated with AIRE 47, 48 . As outlined above, AIRE interacts with DNAPK, which is expressed in mTECs and phos phory lates AIRE in vitro 47 . Mutation of AIRE Thr68 and Ser156, which are targets of DNAPKmediated phos phorylation, reduces the ability of AIRE to promote transcription in in vitro reporter systems 47 . However, inhibition of the catalytic activity of DNAPK did not abrogate the effect of AIRE on TSA expression in 293T cells, which questions the requirement for the nuclear kinase activity of DNAPK for interaction with AIRE 40 . A possible explanation for these discrepant results is that the catalytic activity of DNAPK is required for the expression of a subset of TSAs, as a limited num ber of promoters were tested in these studies. At the same time, the phosphorylation of AIRE may also be regulated by homeodomaininteracting protein kinase 2 (HIPK2), a protein that partially colocalizes with AIRE and phosphorylates AIRE in vitro 48 . In an in vitro reporter system, HIPK2 decreased AIRE trans activation activity in a kinasedependent manner; unexpectedly, however, epithelial cellspecific deletion of HIPK2 affected mainly AIREindependent TSAs. Thus, the associ ation of AIRE with this kinase may not affect the function of AIRE in promoting TSA expres sion in mTECs. Instead, it is possible that HIPK2 may affect an AIREindependent, yettobeidentified regu lator of TSA expression in mTECs. Thus, the binding partners of AIRE include factors that have the potential for post translational protein modification, including the modifi cation of AIRE itself. In addition to these advances in our understanding of the molecular part ners of AIRE and how TSA expression is coordinated, we have gained new insight into the impact of AIRE on the selection of the T cell repertoire.
AIRE promotes thymic selection of T Reg cells
The major influence of AIRE on the negative selection of autoreactive T cells is well established 10, [54] [55] [56] ; however, its influence on thymic positive selection of FOXP3 + regulatory T (T Reg ) cells has been more controversial. Forced ectopic antigen expression in AIRE + mTECs promoted the development of antigenspecific CD4 + T Reg cells in the thymus, which initially suggested that AIREexpressing mTECs could promote thymic T Reg cell development 57 . Subsequent studies have provided evi dence that AIRE may influence thymic development of T Reg cells [58] [59] [60] [61] . A decrease in the number of thymic
Morisita-Horn similarity index
A statistical algorithm that is used to determine the similarity of complex sequences, such as those seen in individual T cell receptors.
CD4
+ T Reg cells is particularly evident during the early perinatal period, as well as a decrease in the absolute numbers of CD4 + T Reg cells up to day 10 (REF. 59 ). In addi tion, decreased numbers of thymic CD4 + T Reg cells have been reported in adult mice 58, 60 ; however, the data are conflicting on this issue 59 . Regardless of whether AIRE transiently or perma nently influences thymic T Reg cell numbers, it seems to affect a subset of clones in the thymic T Reg cell repertoire. Certain CD4 + T Reg cell clones seem to be entirely depend ent on thymic AIRE expression for their development. One particular T Reg cell clone, for instance, that was ori gi nally isolated from tumour infiltrating lymphocytes is normally generated in AIREexpressing thymi 60 . In AIREdeficient thymi, however, this CD4 + T Reg cell clone is entirely absent 60 . By contrast, other T Reg cell clones seem to develop independently of AIRE in the thymus 61 . T cell receptor (TCR) repertoire analysis was used to demonstrate that the most frequent thymic T Reg cell clones are AIRE independent 61 . Morisita-Horn similarity index analysis of T Reg cell TCR repertoires showed a high degree of similarity between AIREdeficient and wildtype mice. On the surface, this finding suggested that AIRE does not have a major effect on T Reg cell TCR selection. However, removal of the three most frequent T Reg cell TCRs from this ana lysis significantly lowered the similarity, which indicated that the most frequent clones mask the effects of AIRE 61 . These findings sug gest that the most frequent T Reg cell TCRs are AIRE independent, whereas rare T Reg cell TCRs include those that are AIRE dependent.
The factors governing whether a given CD4 + T Reg cell clone is AIRE dependent or independent are not currently known. It is tempting to speculate that the AIREdependent clones are those that are specific for AIREdependent TSAs. However, further investi gation is needed to test this hypothesis, as the antigen specificity of the AIREdependent T Reg cell clones was not directly identified in these studies 60, 61 . Interestingly, AIRE may also indirectly regulate T Reg cell development through its effects on the migration of thymic antigen presenting cells 58 . AIRE regulates mTEC expression of XCchemokine ligand 1 (XCL1), which directs dendritic cells to the thymus. Similarly to AIREdeficient mice, 58 . Thus, AIRE may affect thymic T Reg cell selection by means other than TSA upregulation.
As AIRE seems to influence the thymic T Reg cell repertoire, an interesting question is how much does a defect in this process contribute to the autoimmunity that is present in AIREdeficient individuals? Recent work suggests that AIREdeficient mice have a defect in the neonatal output of thymically derived T Reg cells, and therefore AIRE might be a key player in driving auto immunity in this model 59 . This result had been indicated in previous work, which demonstrated that a temporal deficiency of AIRE in 3weekold mice did not predispose to widespread autoimmunity 62 . Elaborate adoptive transfers of FOXP3 + T Reg cells from neonatal wildtype or AIREdeficient mice into T Reg cellablated recipients were used to show that T Reg cells from wild type but not AIREdeficient mice could protect against autoimmune disease 59 . In contrast to these findings, two independent studies demonstrated that co transfer of an AIREdeficient thymic lobe and a wildtype thymic lobe into a single nude recipient mouse did not protect against autoimmunity, which favours a primary role for AIRE in deletion of autoreactive T cells rather than in dominant tolerance 55, 63 . In addition, previous work has demonstrated that genetic crossing of AIREdeficient and FOXP3-deficient mice results in a more severe autoimmune syndrome than either deficiency alone 64 . These latter findings strongly argue that a defect in T Reg cell selection is not the sole, crucial immune tol erance defect in the AIREdeficient model. Further work is needed to parse these issues, including more detailed characterization of the T Reg cell TCR specifi cities that may be absent in the AIREdeficient model and how they potentially contribute to disease when missing. More studies are also needed to define the con tribution of AIRE to the selection of CD8 + regulatory T cells
TSA-independent functions of AIRE As noted above, AIRE is best known for its role in upregulating TSA expression in mTECs to prevent auto immunity. By upregulating TSA expression in mTECs, AIRE promotes negative selection of effector T cells and T Reg cell development. However, it is now clear that AIRE has several functions that are independent of its promotion of TSA expression in mTECs (FIG. 4) . The use of Aire reporter mice has identified additional roles for AIRE in nonmTECs, such as immunoregulatory functions in extrathymic AIREexpressing cells 12, 21 and thymic B cells 22 . An early indication that AIRE has TSA independent functions in mTECs came from studies using OTII transgenic mice that express membrane bound ovalbumin (OVA) as a neoselfantigen in mTECs under the control of the rat insulin promoter. OTII T cells expressing a transgenic TCR specific for OVA undergo thymic negative selection upon recog nition of OVA 55 . Although negative selection of OTII thymocytes was clearly AIRE dependent, AIRE mini mally affected expression of the OVA neoselfantigen 55 . Similar results were seen using a system in which soluble OVA is expressed under the control of rat insulin promoter 65 . Together, these findings suggest that AIRE might also regulate T cell negative selection and autoimmunity by TSAindependent mechanisms. In addition, AIREdeficient mice develop organ specific autoimmunity of the salivary gland and pancreas, and pathogenic T cells appear to be directed against salivary and pancreatic antigens that, unexpectedly, are not regulated by AIRE in the thymus 63, 66 . Thus, a mechanism distinct from AIREdependent upregu lation of TSAs in mTECs is likely to underlie these autoimmune manifestations.
Additional TSAindependent roles for AIRE have now been delineated. For example, AIRE promotes expression of XCL1 in mTECs, and XCL1 deficiency results in decreased accumulation of thymic dendritic cells 58 . Thymic dendritic cells have an important role in mediating thymocyte negative selection, and thymo cytes from XCL1deficient mice are sufficient to trans fer autoimmune lacrimal disease. As described above, XCL1 deficiency also affects T Reg cell development in the thymus 58 , although AIRE and/or XCL1dependent mechanisms are unlikely to account for selection of all T Reg cell TCRs 61 . In addition to upregulating XCL1, AIRE increases the expression of CCchemokine recep tor 7 (CCR7) and CCR4 ligands, which are chemo kines that are important in thymocyte migration 67 . AIRE over expression enhanced chemotaxis and emigration of thymocytes through the actions of CCR7 and CCR4.
In addition to modulating chemokine expression, AIRE may enhance selftolerance by promoting apopto sis of mTECs 68 . AIRE is expressed in approximately 50% of MHC class II hi mTECs, and AIRE deficiency is associ ated with an increase in the number of MHC class II hi mTECs. One potential explanation for this is that AIRE induces apoptosis in MHC class II hi mTECs, and this proapoptotic function may enhance self tolerance by facilitating phagocytosis and crosspresentation of TSAs by thymic antigenpresenting cells 69 . In conflict with this interpretation is evidence using an inducible Cre mouse model that suggests that AIRE does not affect the lifespan of mTECs 70 . Instead, AIRE may be involved in the physiological downregulation of CD80 in mature mTECs 70 . Thus, the role of AIRE as a proapoptotic factor remains to be clarified.
Furthermore, three research groups have inde pendently reported the existence of postAIRE expressing mTECs 23, 70, 71 , a finding potentially at odds with the role of AIRE in inducing mTEC apoptosis. Before these reports, the most mature mTECs were considered to be MHC class II hi mTECs, which are postmitotic and AIREexpressing mTECs that also express high levels of CD80. However, recent studies using lineage tracing approaches have delineated a popu lation of postAIREexpressing cells that express low levels of CD80 and MHC class II molecules 23, 70, 71 . This population continues to express an array of TSAs but at quantitatively reduced levels compared with AIREexpressing cells 23 . This population may also over express a subset of TSAs, such as desmoglein, which is a pemphigus vulgarisassociated antigen 71 . Given its continued TSA expression, this postAIRE popu lation probably continues to have a substantial role in enforcing selftolerance.
Finally, AIRE may have a role in mTEC differenti ation (reviewed in REF. 72 ). AIRE deficiency prevents the expression of epidermal markers of late mTEC matur ation, such as keratin 6 (K6), K10, involucrin and lympho epithelial Kazaltyperelated inhibitor (LEKTI; also known as SPINK5) 71 , which suggests a role for AIRE in endstage mTEC differentiation. Moreover, AIRE deficient mice may show changes in thymic architecture and mTEC morphology 73 , which also lends support to the function of AIRE in mTEC differentiation.
The role of AIRE beyond autoimmunity AIRE in antitumour immunity. The role of AIRE in preventing autoimmunity is evident by the spontan eous development of autoimmunity in mice and humans with AIRE mutations. Recently, the roles of AIRE in modulating other diseases have been delineated.
For example, the function of AIRE in preventing effective antitumour immunity has recently been clari fied (FIG. 5) . On closer examination, this role of AIRE may be regarded as an extension of its role in prevent ing autoimmunity. Because many AIREregulated self antigens expressed by mTECs are also expressed by tumours, the antigenspecific tolerance induced by AIRE also prevents an effective antitumour response 74, 75 . mTECs express several wellknown melanoma anti gens 74, 75 . For instance, AIRE upregulates expression of tyrosinaserelated protein 1 (TRP1; also known asDHICA oxidase) in mTECs and, consequently, the negative selection of TRP1specific T cells in mice 75 . In the setting of AIRE deficiency, TRP1specific T cells are rescued from nega tive selection, and the T cell immune response against these melanoma antigens is enhanced. With the larger pool of melanomaspecific T cells, AIREdeficient mice demonstrate reduced mel an oma growth and increased survival 74, 75 . These find ings are likely to be translated to patients, as human mTECs express numerous known melanoma anti gens 76 . Furthermore, case-control studies have found an association between melanoma protection and AIRE polymorphisms that decrease AIRE expression 77 . In addition to melanoma, other cancer types may be modulated by AIRE. In mouse models of primary and transplanted sarcoma, negative regulation of AIRE expressing mTECs enhanced antitumour immunity 78 . As described above, AIRE also regulates T Reg cell clones that were originally isolated from prostate cancer, sug gesting a role for AIRE in the regulation of the T cell immune response against prostate cancer 60 . Thus, AIRE is likely to have a broad effect on several cancer types.
Recently, our group also provided evidence that modu lation of AIREexpressing mTECs may be a tractable approach for enhancing tumour specific immune responses. AIREexpressing mTECs have an interesting property of turning over quickly as a cell population. Studies with both genetic and bromo deoxyuridine labelling have demonstrated that mTECs have a population halflife of approximately 12-14 days in adult mice 23, 68 . The pool of new AIREexpressing mTECs appears to be replenished through a process of mTEC maturation that involves receptor activator of NFκB (RANK; also known as TNFRSF11A)-RANK ligand (RANKL; also known as TNFSF11) signalling 79 . Taking advantage of this knowledge, another group demonstrated that in vivo blockade of RANKL over a 2week time window led to selective depletion of AIREexpressing mTECs over other thymic epithelial cell popu lations 80 . Mice subjected to RANKL block ade showed evidence of an acquired defect in thymic negative selection and, in a TCR transgenic mouse model, RANKL blockade led to the development of an enhanced antitumour response in a B16 melanoma model. Importantly, the loss of AIREexpressing cells was transient, and the thymus could recover such cells after the removal of the RANKLspecific anti body. Further work is needed to determine whether this approach of altering thymic AIRE activity could com plement the wide array of current treatments involving peripheral tolerance and checkpoint blockade 81 -this remains an open and exciting possibility.
AIRE in tumorigenic keratinocytes. AIRE expression is induced at low levels in mouse and human tumour keratinocytes, a cell type that is involved in human skin squamous cell carcinoma, and AIRE mRNA induc tion in keratinocytes (but not in mTECs) is depend ent on K17 (REF. 82 ). Furthermore, in keratinocytes, Graft-versus-host disease (GVHD). A potentially serious complication arising when donor-derived T cells attack host tissues, typically resulting in hepatic, dermatological and gastrointestinal damage. Acute GVHD occurs within the first 100 days after transplantation, whereas chronic GVHD occurs later and has a different pathophysiology.
AIRE interacts with K17 protein, and AIRE mRNA interacts with HNRNPK in a K17dependent man ner. Global K17 deficiency protected mice from skin tumori genesis, and this protection was associated with decreased expression of neutrophil activation markers, dermal mast cell density and expression of other pro inflammatory genes 82 . Thus, the proinflammatory role of AIRE in keratinocytes undergoing tumorigenesis seems to be entirely distinct from its immunoregulatory role in mTECs in dampening antitumour immunity, and this opens up a new field of investigation.
AIRE in GVHD.
AIREmediated TSA upregulation in mTECs also affects the development of chronic graftversus-host disease (GVHD) 83, 84 . Autoimmunelike mani festations are a part of chronic GVHD, and patients who have developed acute GVHD are strongly predisposed to chronic GVHD. In patients with acute GVHD, donor T cells mediate immune destruction of particular recipi ent tissues, including the thymus. Interestingly, donor T cells in acute GVHD appear to selectively target AIREexpressing mTECs in the recipient thymus 83, 84 . As a consequence, mTEC expression of TSAs, especially those restricted to tissues affected in chronic GVHD, is decreased in acute GVHD 84 . Acute GVHD is associated with impaired negative selection of selfreactive T cells, which allows for the generation of T cells that can medi ate autoimmunity associated with chronic GVHD 83 . Understanding that acute GVHD induces an AIRE deficient state that predisposes to the generation of auto reactive T cells potentially allows for the development of interventions that may increase AIRE expression to prevent the development of chronic GVHD.
Non-autoimmune conditions in APS1.
Patients with APS1 who harbour AIRE mutations are predisposed to clinical manifestations that do not appear to be of autoimmune nature. For example, patients with APS1 can develop ectodermal dystrophy, which is a condi tion that has not been associated with autoimmunity. This 'nonautoimmune' clinical finding supports the notion that AIRE has roles beyond the control of auto immunity. The mechanism by which AIRE deficiency might result in ectodermal dystrophy remains to be determined. One possibility is that the early expres sion of Aire before gastrulation, mentioned above, may contribute to this finding 20 . In addition to ectodermal dystrophy, patients with APS1 have an increased risk of developing mucocuta neous candidiasis, which at first glance would not be thought to be associated with autoimmunity. However, a series of elegant experiments provide strong evidence that predisposition to candidiasis in APS1 may in fact indirectly result from autoimmunity, as neutralizing autoantibodies against interleukin17 and type I inter ferons have been associated with the development of candidiasis (reviewed in REF. 85 ). Whether antibodies against interleukin17 and type I interferons result from defective AIREregulated TSA expression in the thymus or reflect another AIREmediated immune mechanism requires further clarification.
Conclusions and perspectives
In the past few years, various, sometimes unexpected, roles for AIRE beyond its bestknown functions have been described. The role of AIRE in selecting T Reg cells, the multiple effects of AIRE that do not involve upregu lation of TSAs in mTECs and the various pathological processes governed by AIRE have now been established. Furthermore, molecular insights into the function of AIRE are now being clarified and account for some of the fascinating aspects by which it carries out its functional activity. Detailed study of the cell turnover of AIREexpressing mTECs has shown that this com partment of the thymus can be selectively targeted for therapeutic manipulation 80 . This opens up the exciting possibility that the thymic compartment can be targeted to modulate immune tolerance. For instance, methods that increase RANK-RANKL signalling in mTECs could enhance AIRE expression and potentially pro mote deletion of selfreactive T cells and positive T Reg cell selection, which could improve organspecific immune tolerance. Alternatively, a transient blockade approach could also be harnessed to improve immune responses against tumour antigens. A consideration with such approaches is the timing of therapy, given the evidence that the function of AIRE early in life may be crucial 59, 62 . Another challenge with these potential approaches is that thymic involution naturally occurs with age and results in decreased thymic output. In this regard, there may be promise in rejuvenation of the thymic stroma through directed differentiation of TECs from pluri potent stem cells 86, 87 . If such an approach were to take hold, the technology could also serve as a platform to modulate tolerance as stem cells could be genetically manipulated through robust geneediting mechanisms such as CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats-CRISPRassociated pro tein 9) 88 . This could be a means to repair selfantigen expression in TECs in the case of treating autoimmun ity or to remove selfantigen expression in the case of treating cancer. Taken together, the biology of AIRE and its control in immune tolerance has revealed not only elegant mechanisms that promote tolerance but also the potential of translating these findings to improve our ability to treat disease.
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